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ABSTRACT 


A boundary layer control device was designed to change 
Significantly the case-wall boundary layer thickness enter- 
inaq a large-scale, multistage axial compressor. The device 
was intended to double the boundary layer thickness in order 
to evaluate the influence of the inlet boundary layer in 
controlled tin clearance exneriments being conducted on the 
compressor. The boundary layer characteristics expected to 
he nroduced by the control device were nredicted empirically 
and experimental verification was required. Kiel, cobra, 
and impact probes were used in the experiments and pressures 
were recorded manually using water manometers. The geometry 
of the boundary layer control device, an annular array of 
spires, was derived from shapes developed for simulating the 
atmospheric boundary layer in large rectangular section wind 
tunnels. A siqnificantly thicker boundary layer was measured 
in the compressor than was intended. However, the results 
were interpreted and recommendations were made for geometry 
changes necessary to achieve the intended control for the 


tip clearance investigation. 
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Axial compressors in aircraft engines are onenerally ‘je- 
Seabee or nearly uniforr inlet flow conditions, wit thin 
Souncary layers, hut are required to onerats stably over a 
Ganece OF inlet tlow Gistortion. lt is™™ found in Psaract ice 
Pvaee ll i-steqe core coppressors, once develoned, are then 
wery sensitive to anv change in the tin-gap between the 
rotor blades and the case-wall. In narticular, changes in 
the tin-cqan result ina re@uction in the compressor effi- 
Cmeneyeanewa loss of stability marqin in distorted inflow. 
TnAsview of the nee? to develop military aircraft enoines 
with improved thrust-to-weight ratio and increased tolerance 
t> distortion, attention has been given in recent years to 
understanding the effects of tin clearance chanqe on the 
flow in,axial compressors. A large scale, multistage axial 
connressor facility, which would allow experimental investi- 
gJations to be made under well-controlled test conditions, 
was installed and prepared for that purpose. (Ref. 1) 

The first experiment to be conducted in the facility is 
one in which the tip clearance will be increased syste- 
matically and data will be obtained from instrumentation de- 
siaqned to resolve the important changes in the internal 
flow field. However, the results of this experiment would 


be limited to the particular compressor-face inlet flow 


Conditions whieh the test instal latiom gemeraced. Unknown, 
a oriori, is the dimportapeeme: tne inlet case waliebeund ia) 
layer profile, and thickness, in relation to tne physreaw 
gap between the rotor and the case-wall. Thus, it is equal- 
ly important to change the boundary layer @as to changes eic 
clearance qan. The nurpose of the nresent study was to 
develop an experimental technique to be used to control the 
ooundary layer thickness entering the compressor. 

The approach was to use an array of "“spires" installed 
as a removable element ina throttle housing in the inlet 
SIUCTE o The presence, and design of the throttle, and the 
difficulty of alternate anproaches such as providing suction 
on the scale required, suggested this solution. [In the work 
that is reported here, the design of the spires is reviewed 
and a program of measurements to evaluate the effect of the 
spires on the compressor inlet case-wall boundary layer, is 
reported. The measurements showed that the boundary layer 
with the spires was thicker than was intended, and that the 
velocity profile was unacceptably distorted. 

It was concluded that compromises which were made in the 
manufacture of the spires, which involved approximating the 
slender cusped shapes with linear cuts, were unaccentable. 
Also, the installation of the spires as a circular array 
within a round duct was quite different from the linear 
geometry within a large wind tunnel that had provided the 


data on which the design was based. Recommendations were 


made for changes to be made to the snires to achieve the 
joal of doubling the inlet boundary layer thickness without 


changing the shane of the velocity profile. 


TT. COMPRESSOR AND OP RALITON 


The compressor "test facility, data collection mernog, 
and details of the instrumentation used are discussed in the 


Following sections. 


A. COMPRES SO 

The three-stage axial compressor facility, presently 
assembled with anew design of symmetrical blading, was 
designed to serve as a research tool for a variety of 
experiments. The facility is shown in Figure l. 

Two different sizes of inlet bellmouths were provided in 
Order to adjust the pressure differential and measure flow 
rate to the compressor satisfactorily for various stage con- 
figurations and operating speeds. In the present work, the 
larger bellmouth was used (Ref. 2). Views of the bellmouth, 
with and without a protective mesh screen over the inlet, 
are shown in Figure 2. As seen in the figure, the airflow 
enters the compressor from outside the building and flows 
through a 20-foot long duct containing Pars throckle device 
(Ref. 1) to the compressor test section. 

The compressor blading is shown in the two parts of 
Figure 3. The blading is removable and adjustable. For the 
present experiments, the test section was bladed with one 
row of inlet guide vanes (IGV), two symmetrical stages (the 


first stage in Figure 3 was removed), and one row of exit 
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Fiaure 3. (Continued) Compressor Bladinaga 


(5) Staqe Tin Section 
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quide vanes (EGV). Fach stage consisted of 30 rotor blades 
aAngme Mstator blades. 

The function of the IGV's is to turn the flow to produce 
EVeweseralecdistrioution Geetie flow anqle required by the 
rotor in the symmetric staqe. A symmetric staye desian is 
one in which the velocity diaaqram, shown at one radius in 
Fiqure 4, is symmetrical at all radii. (Both the axial 
velocity comnonent and flow angles vary with radius.) At 
each radius, the IGV is desiqned to omroduce an incidence 
with resnect to the rotor hlade equal to the minimum loss 
incidence for the correspondina two-dimensional compressor 
cascade (Refs. 3, 4, and 5). 

The comnressor test riq is shown in Figure 5. The 
comoressor 1s driven by a 150 HP electric motor coupled by a 
belt drive to the compressor (Fiaure 6). The speed of the 
compressor can he chanaed nominally from 1600 to 2200 RPM by 
changing the belt drive poulleys. The low speed drive (1610 
RPM) was used in the present experiment. 

The throttle, located approximately mid-way between the 
inlet bellmouth and the compressor face (Fiq. 1), contained 
10 spaces (8 useable) for inserting different screens and 
throttle plates. A view of the throttle is shown in Fiqure 
ve The throttle can be changed only by stopping the 
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Figure 4. Velocity Diagram 
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All the connections between the inlet bellmouth and the 
compressor were sealed to eliminate leaks that might effect 


the experimental results. 


B. INSTRUMENTATION AND DATA COLLECTION 

Nany oorts for probes are provided around and along the 
comnressor case. The arrangement of instrumentation used in 
the present experiments is shown in Figure 8. Wall static 
taps and orobe survey stations were located 1.0 inches in 
Front of the IGV's at the selected stations around the cor- 
oressor periphery shown in the figure. Staanation pressure 
distributions from tip to hub were measured using a travers- 
ing impact probe. A cobra probe was used similarly to mea- 
sure stagnation pressure and, by prior calibration, static 
oressure distributions in the same location (Figure 9a and 
low! In the latter case, pressure ports on each side of the 
Cobra probe were connected to the U-tube manometer and the 
probe rotated such that the probe was always facing the 
airflow. The Kiel probe was installed and held fixed on the 
centerline of the duct. Pressure distributions in the probe 
Surveys were referenced to corresponding values of total 
pressure on the centerline and static pressure at the case- 
wall. The differences between probe total pressure and wall 
static pressure and between probe total pressure and Kiel 
probe pressure were recorded manually after carefully 


adjusting two Meriam micromanometers. The connections to 
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Figure 9. Probes 


(a) Probe Tip Geometries 
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Figure 9. (Continued) Probes 


(b) Views of Probe Tins and Actuators 


1 


and a view of the micromanoneters are shown in Figure 10.(4) 
and Figure 10.(b), respectively. The Seales of the Herian 
manometers were adjusted to zero oefore each experiment. 
Auxiliary instrumentation included a digital thermo- 
meter to measure the inlet total temperature and a osulse 
counter and timing wheel to record the rotational speed of 
the compressor. The local atmospheric pressure and tempera- 
ture were measured using a barometer and thermometer 
respectively, located insid: -he building. PDuring each test 
the change in ambient temper .-ure was observed to be negli- 
gible and no correction for change in water density in the 
Meriam watermanometers was required. Air density correc- 
tions were not required due to the use of ae reference 


velocity derived from the centerline probe. 


eg: 
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Fiqure 10. Meriam Water Micromanometers 


(a) Connections to the Probes 
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View of the Instruments 
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PII. BOUNDARY SEATER CONTROL DEVICE 


The bouncary layer control device is described in the 
Following section and the desiqn intent, actual desiqn, and 


ConsemiicmlonmaKe  alsicusced. 


Ae DESIGN INTENT 
lL. Requirements and Anproach 
Normal boundary layer conditions at the compressor 
inlet, from earlier experiments with uniform screens, were 
known to be § = 1.1 inches and 6* = .13 inches. The boun- 
dary layer thickness could be changed by addinq a houndary 
layer control device. Either by sucking air at the case- 


wall, or by cooling the case-wall, the boundary layer thick- 


ness could be reduced. In the planned exoeriment, it was 
required. to increase the boundary layer thickness (6*) by a 


factor of two and obtain measurements with different values 
of the tip clearance in the compressor. Thus, it would be 
possible to obtain data at two values of tip clearance while 
holding the ratio of boundary to tip clearance [5*/t] 
constant. 

To increase 6* by a factor of two, case-wall roughness 
elements and graduated screens were both considered, but 
rejected. The roughness elements could not be removed 


readily for tests with thin boundary layers. Previous 
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experience with graded screens suggested that 1t would be 

difficult to produce axi-symmetric uniformity with a large 

qraduated screen located so far from the compressor face. 
The approach taken was to use "Spires" installed in one 


of the blank throttle elements as shown in Fiqure 11]. 


2. Nesign 

The system of spires has been used previously to 
nroduce thickened boundary layers in rectangular wind 
tunnels, omarticularly in experiments which required the 
careful simulation of the atmospheric boundary layer (Ref. 
WT) 6 In Reference 7, based on many experiments, the data in 
Table I were given for a non-dimensional spire geometry that 
produced a known boundary layer thickness. These data were 
used in the present design, but were corrected to account 
for the circular duct configuration an@ annular Silovecon— 
traction (eieure la The spire geometry and total number 
of snires were selected using the information in Reference 7 
for experiments carried out in a wind tunnel. A 29-element 
snire configuration was chosen for the circular arrangement 
to avoid possible resonance due to the wakes from the spires 


interacting with the 30 blades of the rotor. 
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a. Circular Arrangement as Ruilt 





.. Linear arrangement as Nesiqned 


FIGUPE 12. Spire Element 
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B. CONSTRUCTION 
The spire geometry (Fiqure 13(a) could not he machined 


locally, and therefore, the shape was anproximated with 


linear €CUts 4S Shown “in Figure 13(2e The shane was cut 
from aluminum alloy, .25 inches thick, and the 29-elements 
were arranged Uniformly imea clreularereune. Each snire was 


attached by three flush, countersunk Phillips-head screws to 
the rim of the Ying: No locking wire was necessary since 
the screws were prevented from backing out by the adjacent 
throttle ring installed in the throttle housing, and a 
screen was voositioned downstream of the spires to prevent 


any possibility of damage to the compressor. 


| | | 





(a) As Nesiqned (b) As Built 


Fiqure 13. Spire Geometry 


Cad 


Wo WEST PROG SA 


The test program consisted of a number of initial, 
exploratory flow field measurements and then aie series of 
detailed boundary layer surveys to establish quantitatively 
the effect of the snires on the boundary layer thickness at 


the compressor face. 


A. IR IIL MUL ER ICIS Sy 00 

Before conducting detailed flow surveys, tests were 
conducted to establish an arrangement of screen and spire 
elements in the throttle which produced a_ similar average 
mass rate of through-flow to that produced by a selected 
combination of screens only (Ref. 8). The desired through- 
flow condition was one which was well removed from both 
stall and open throttle boundaries on the compressor map. 
Tt was found during this procedure that the position of the 
snire element in the throttle housing was important. Less 
stable compressor operation was found when the spire element 
was the most downstream element. As a result of these 
tests, the two arrangements summarized in Table II were 
selected, and the test program summarized in Table III, was 


carried out. 
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| THPOTTLE ELEMENT | 
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COBRA PROBE & KIEL PROBE 





| 
2 i | IMPACT PROBE & KIEL PROSE 
| IMPACT PROBE S&S KIRERMPRCBE 


: | 
| | 


Bh g STATIC PRESSURE DISTRISUTION MEASUREMENTS 
itecest |, wlth tkewinrettle elements in centiqura— 
tion 1, a survey was conducted using the cobra probe to 
establish the radial distribution of static oressure from 
Outer to inner case-wall. The procedure in this experiment 
was to measure the "indicated" static pressure from the side 
holes of the cobra orobe as it was moved step-by-step from 
the outer wall to the inner. The relationship of the cobra 
nrobe "indicated" static pressure was established using the 
case-wall static vnressure and cobra probe measurements adja- 
cent to the wall. The survey measurements were individually 
referenced to total pressure from the Kiel probe at the 
center of the axial line A=-A (Figure 8). 
The static pressure so obtained is shown in Figure 14. 
It is seen to decrease linearly from the wall oe to the 


hub surface. 


Ce BOUNDARY LAYER MEASUREMENTS 

In Tests 2 and 3, surveys were made using the impact 
nrobe from the outer case wall to where the impact pressure 
became almost constant. Test 2 was with screens only 
(configuration 1) and test 3 was with the spire element in 
configuration 2 (Table II). The results are shown plotted 
ieee rqurce!s and listed in Table EV and Table V. In Figure 
15, the value of the velocity measured on the center line of 


of the annulus has been used to normalize the profiles. 


ah 
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HUB 





Ps; = Psy (Inches of Water) 


Figure 14. Static Pressure Distribution Ahead of the Inlet 
Guide Vanes at Pe. -PSw = 7.25 einches Cf VWauer 
(Cc 


L 


a2 


oa eee 
| TABMEn IV. 


PRESSURE DISTRIBUTION DATA FOR CONFIGURATION 1 
Rj; = RADIAL DISPL. INWARDS FROM CASE-WALL, 
PRESSURES ARE IN INCHES WATER 





| 
| 
| 
| 
| 
0.01 7.100 | -.060 | 7.040 | -.0902 0923 | 
10.02 | 7.092 2 yang 7.058 -~.0656 | 0671 
[O.1 | 3.410 | 3.6466 | 7 OFS .7018 FLT 
|0.2 | 2.3195 | 4.9920 | 7g | eae .8328 | 
0.3 | 1.539 | 5.5672 73093 | 8673 8872 | 
es | 1.078 | 6.0044 | 7.038 .9030 | £9237 | 
a: : £755 | 6.3286 | 7.048 .9264 | .9467 | 
10.7 | 388 | 6.7828 7.043 | 29594 | .9814 | 
10.9 | 185 | 6.9750 | 7.060 B\) .9717 .9948 2 
” | .010 | Peay 2 2 Tas | £9792 1.0016 | 
ps | -.010 7 SOE 7.065 .9798 1.0018 
eo = 0465 7.2882 7.061 | 9980 1.01284 
ps , 0 7 ee 7.6500 .9987 : Tnoike 
eee .065 7.3518 7.0835 £9991 | 1.0188 
ia OT 7.3967 7.1890 | £9915 | Toms 
13.6 : .070 7.4400 7 sale | 1.0000 | 1.0299 
a. | alii a. PETIOW 7.149 1.0002 i022 
pi |  .009 7.5859 7.1590 | 1.0068 | 1.0293 | 
[4 5 | .006 7.6200 To LOG | 1.0109 L030 | 
i5.8 | 091 7.7524 7.199 | 1.0015 i O89 | 
0 [acne 7.6776 Te? 1.0153 1.0386 | 
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TABLE V. 


| 
PRESSURE DISTRIBUTION DATA FOR CONFIGURATION 2 | 
Ry; = PADIAL DISPL. INWARDS FROM CASE-WALL, | 
PRESSURES ARE IN INCHES WATER | 






























C20r 7.009 | -.2179 Pea | -.1710 | =,1737 
a) 0 6.690 | 4292 | TALLTO | .2419 | .2456 
Oat | 3.800 | 3.2621 | Pe0Si | .6698 | -6802 
Gn2 | 2.634 | 4.4082 | 7.0850 .7768 | -7887 
O23 | “25090 | Sols | ore | .8292 | 642mm 
0.4 | 1.848 5.4029 eee .8529 -8658 
ee | 1.840 S55 26 TL eGeD .8495 .8627 
les? | es | 5.5393 | 7.195 | .8614 8748 | 
0.9 | 1.497 | 56/915 | 7.189 | .8839 : .8976 | 
lea [ W897 | bra 72 | 7062 8915 9053 | 
les | ihe Shs | 6 laiee)3 Me 7, 193 | 9078 29219 | 
Eee | L.coo | 6.3632 Fo 1D, | 29295 29439 | 
255 | ~915 6.3938 eles -9308 9474 
Seon" || -484 6.7083 7.136 9555 9703 
34 1032 6.8056 | eel S77 | .9891 .9799 
3.6 .156 7 RU | WeAT8 ECOG 1.0155 
ou8 = 17 7.5492 : 7.264 | 1.0000 1.0194 | 
ay? | =227 7.9146 (77pm | S18) 1.0469 
AS -.911 | Bes 56 7.098 0356 1.0719 
508 | =a 8.1954 alas 1.0550 1... 077m 
8.1086 Fo MOS os 20 1.0654 
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Vv. ANALYSIS AND DISCUSS1Oy 


This section of the report describes the method used 
to calculate the boundary layer thickness, discusses the 
cesults of the measurements in comparison with the design 


expectation, and Summarizes the results. 


A. CALCULATION OF DISPLACEMENT THICKNESS 
The displacement thickness obtained for configuration 1 
from earlier experiments was .13 and for confiquration 2 in 
the present work was .53 inches. The method was as follows: 
Bernoulli's equation (Ref. 9) gives, at any radial station, 
Pe. = Poy Sal mip i= (1) 

2 a 

The reference velocity, V., based on total pressure at the 


Genter eine mers )} and static pressure at the wall, (Pe is 
VJ 


Cy ‘ 
qiven by 


eee Peleg 1/2 oV. 2 (2) 


Using the results given in Fiqure 14, which shows’ that the 
Static pressure dropped linearly to -0.8 inches of water 
from the tip to the hub at a distance of h = 7.2 inches, at 
Pe a = 7.25 inches of water, 


Ci Ww 
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= } = 0.11 (3) = 0.0153R; (3) 


pe 
‘ 
etGn Psy : 


emg) “equations (1), (2) and (3), the ratio of vellocity at 
eacimooint (Ry) for configuration (2) is given, in terms of 


BUC meoeatc DEeSSUre CiStri@pution Lor contiquration 1, by 


SE ee ar 0.0153Rj (4) 


and the centerline velocity by 


Ver 
we 





=) 1 + O20153R; (5) 


Uorng Equation (4) and Equation (5) the ratio of the 
velocity at each point to the velocity at the centerline is 


given by 


‘ Ve Vv: 
ee ge) a (6) 
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Frem experimentmme oe ar and. P, > Pee) ake mk now mtaiere ster 
ep W i” i 

location from the case-wall to the hub. The boundary layer 
nrofiles for cenfigquration 1 and “comitaumation 2ewitcimane 
shown in Figure 15 were obtained using Equations (4), (5), 
amd (6). 

The boundary layer displacement thickness was determined 
from boundary layer profile data before normalizing to the 
massage centerline velocity. Referring to the following 


sketch, the area A-l and area A-2 were calculated for each 


displacement (y) of the nrobe from the case-wall using 






if A-l = A-2 then y = $§* 


vy 


ay = ile os) dy = A-2 (6) 
and 
Ag (70 - go) dy = Ad (7) 


where X is the “free-stream" Value Ot v7.) sand) eeloescme 


total area under the boundary layer profile. The areas 
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described by equations (7) and (8) were plotted as a func- 
tion of y to determine the dispacenent thickness (6*). The 
results for configuration 1 are shown in Figure 16, with the 
gata Jisted in Table V1. The results for configuration 2 


Meee shownein Figure 17, with the data listed in Table VIT. 


R. COMPARISON WITH DESIGN INTENT 
1. Boundary Layer Thickness 
The effect of the spire element on the boundary 
layer thickness is clearly to increase 6 and 6* . Figure 18 
illustrates the effect of the spire element on both the 
boundary layer profile and the boundary layer thickness. 
The overall thickness was increased from 1.1 to 4.5 inches. 
The displacement thickness was increased from 0.13 to 0.53 
inches. The boundary layer can clearly be controlled by 
selecting the geometry of the spire, combined with the 
selection and position of the screens. However, the goal is 
to nroduce a doubling of the overall and displacement thick- 
nesses without changing the shape of the profile. Clearly, 
in the results shown in Figure 18, the overall boundary 
layer thickness with the spire element exceeds’ the half- 
height of the compressor annulus. 
We first examine how far the effect of the spire should 
be expected to extend when the flow from the duct enters the 
compressor annulus. Referring to Figure 19, the position of 


the streamline from the tip of the spire, when it 
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TABLE Vi. | 


INTEGRATED VELOCITY PROFILE PARAMETERS FOR 
CONFIGURATION 1 


ie) 














| 
One | .0703 | at2o7 Oz 70 
0.3 2 | <21133 ! .0611 | 
| @se 7 | .3023 | .0483 | 
| 0.5 ae | .3938 | S041 | 
| Ong | 117g | .5823 : .0296 
| 0.9 | .1246 .7754 | 10207 
ee 21295 .8705 .0178 
| as ae, or Bee 
| 2.0 / / i | 
2.5 / | / ; 
a , fe 
/ / | / 
a0) ----- ‘---=- | ao | 
| 3.6 .1473 G5 9 | 0.0 
308 21473 356527 0.0 
a2 | .1473 4.0527 0.0 
4.5 | w1472 4.3577 0.0 
5.8 | Wags 5.6527 Ose 
| 6.04 124738 5.8537 0.0 
! | 
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TABLE VII. 


INTEGRATED VELOCITY PROFILE PARAMETERS FOR 
CONFIGURATION 2 





| | 
| 
| | 
{ 
: | 
| y y y | 
| i J (l-v/v,)dy | x-y-f (l-v/ve)ady | ay-f (1-Vv/v,)4 
| fe) : ve) : ro | 
| 0.0 | 0.0 | 0.0 | .5716 | 
| Geet | .0586 | .0470 | .5130 | 
i Ob2 0901 | Sega 4815 
| 
| 0.3 | Slee 12027 4576 
0.4 wleds .3880 Badge 
| 0.5 | ~1S37 | 2474) mA 
| 
| Oa | .1933 -5456 | . 3783 
Oro. || 22762 -7238 3454 
| 
ea | .2580 -9032 53136 | 
| 
(omen === == J We 2a --~~ 
| 1 | ] 
2.0) | / | | / 
/ 
Da i i | 
| | i | | 
| a0 | 
a, 
3.4 
ei case Se a 
a 36 
| 
ane / / | 
r} na.2 fe |____- !----- 
| 4.5 .5716 4.1786 0.0 
| 5.8 5716 5.5501 G0 
| 
(rere | .5716 | 5.7620 O.0 | 
| : 
| 
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Fiqure 16. Determination of the Disnlacement 
Thickness for Cenfiguration 1 
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Fiqure 18. Comparison of Boundary Layers 
With and Without Spires 


44 


u8l 


Y 1 


MOTH PTOSTAUT WIOFTUN AOF uot}eSoT autTTweses3sS "6T eanbtg 


FE SS ee ee 
| om MOTI Itty 


= u8 = S 





: T 
ee uot 3eIsS 


45 


approaches the compressor blading can be calculated usin4 
the continuity equation, 

pAV = constant (9) 
assuming the airfilow iS unicorm and axval aes pot) Sstaeroqse 
Then the streamline disnlacement (A) at the compressor face 


is aiven by 


meee hase) pre = eR =) 7) 
(LG) 
om Re penm(R2 = (R = h)*) 
where the notation is defined in Figure 19. The height 
the spire, S = 8 inches, R= 18 inches, and the annulus 
heiqht at station 2, h = 7.2 inches. Using these data in 
equation (10), A= 4.56 inches. The results from the exper- 


iment in Figure 18 show that the effect of the circular 
spire arrangement on the airflow extends to approximately 
4.5 inches from the case-wall. In comparison, in the 
results given in Ref. 7, the effect of a linear arrangement 
of spires on the boundary layer in the test section of a 
large wind tunnel, six spire heights downstream, extended to 
approximately only 0.8 of the spire height from the wall. 
This factor was applied in arriving at the present spire 
height. The difference between the present and the wind 
tunnel results may be due to the significantly different 
blockage presented by the spires to the pipe flow, or may 


result from the bluntness of the present shapes. 
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Zee Lori le Shane 

ints combaring  =<Aevtvwo protiles in Figure 12> one 
Bee omisvecane Vifterence and one noticeable similarity are 
noted. Pirst, way  frommene wall, there is A Staniciecant 
Berecewre in the srofile Stage for confiquration 2 from a 
simnole power-law profile. There is seen to be a sharp qgra- 
dient in the velocity deficit out to the edge of the houn- 
gary layer. This iswpreobably the result of the bluntness of 
the soire shane used in the exneriments. The results appear 
to emphasize the necessity to achieve the very slender, 
cusped profile shown in Fiqure 13(a) rather than use the 
blunt approximation shown in Fiqure 13(b). 

Second, the profile close to the wall seems little 
affected by the spires. This may be the result of the level 
of turbulence inherent in the pine-flow and the nine- 
roughness, but suggests that it may be difficult to produce 
a Sricker boundary layer using spires which is also similar 


in profile shape both near to and far from the wall. 


3. Other Considerations 
The degree of axi-symmetry was examined briefly 
Guring the experiments by rotating the spire element in the 
throttle housing. Some peripheral non-uniformity was 
detected, however, the data in Figure 18 are believed to be 
reasonably representative of the average radial behavior. 


The degree of unsteadiness in the flow, which made it 
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difficult to obtain stable readings during probe surveys, 
did not measurably affect the accuracy of the mean velocity 


profiles. 


Co NEBL VWOCNG ANRIE IREOUNOREND) CON OIL 

The velocity profile shown for coOnElgurationm lim Firauce 
18 can be characterized as a nearly uniform flow with a 
well-defined turbulent boundary layer at the case-wall. The 
velocity profile shown for configuration 2 can be character- 
ized as a very thick, irregular case-wall boundary layer, or 
alternately described as a wholly distorted velocity profile 
across more than half the compressor blade height. 

Since the purpose of the overall compressor investiga- 
tion is to examine the effects of tip gap on the compressor 
flow field and performance characteristics, in a range of 
tip clearance gap size which is always very much. smaller 
than the blade height, it does not make sense to introduce 
radial distortions in the flow field which extend over much 
of the span of the blading. This is not within the scope of 
the proposed investigation. Any variation in the case-wall 
houndary layer must be confined to a scale which remains 
small compared to the blade height or the investigation 
becomes one of investigating inlet flow distortion. 

Thus, if spire elements are to be used, it is very 
necessary to use the original, sharply cusped spires in 


order to recover the asymptotic outer boundary layer 
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profile shane. A reduction in the spire Nel Gilputom omer sey ain 


5 inches, may be necessary to achieve no more than doubling 


of the natural boundary layer thickness. 


49 


VI. CONCLUSIONS AND RECOMMENDATIONS 


In this study, a ring of spires was designed and shown 
experimentally to increase the thickness of the case-wall 
houndary layer at the compressor inlet. “While an increase 
in the overall and displacement thicknesses by a factor of 
two was intended, a factor close to four was measured. The 
quantitative differences between results in the present 
experiment and resultS obtained using spires to control 
boundary layers in large rectangular wind tunnels, on which 
the design of the present arrangement was based, are thought 
to be understood. First, the slender cusped shape of the 
spires was approximated in the present case by a blunt, 
thicker profile which could be machined with straight cuts. 
Second, the present installation of the spires was within a 
Circular nipe, with a much laraer area blockage and higher 
turbulence levels than were present in the wind tunnel 
application. 

It was found that the ring-element of spires must he 
installed in the throttle upstream of at least one screen 
element in order to reduce oscillations in the flow and 
vibrations in the compressor to acceptable levels. 

The following recommendations are made in order to 


achieve the intended boundary layer control: 
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mw 


The originally specified aqeometrical shane of thre 
spire elements should be machined, without compromise 
for reasons of exnense. The height of the spires 
should de reduced to 5 or 6 inches. 

The inlet oine junctions should be smoothed and all 


flanged connections should re tightly sealed. 


Syl 


ie 
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